Although the cardiac glycosides have been used extensively since Withering published his observations on the effects of foxglove nearly two hundred years ago (1), their distribution and metabolism and the cellular basis of their action in man are unknown. The lack of sufficiently sensitive, chemically specific methods of assay has hampered studies of the biologic behavior of these compounds.
Although the cardiac glycosides have been used extensively since Withering published his observations on the effects of foxglove nearly two hundred years ago (1) , their distribution and metabolism and the cellular basis of their action in man are unknown. The lack of sufficiently sensitive, chemically specific methods of assay has hampered studies of the biologic behavior of these compounds.
The sensitivity of available spectrophotometric and fluorometric methods is limited to 2 ,ug or more, and none of them are molecularly specific, since they involve structural components common to all cardenolides and many glycosides. Thus, production of color depends on the action of various reagents on either the lactone ring (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) or the 2-deoxy sugar residues (12) (13) (14) (15) (16) (17) (18) (19) (20) . The a,,8-unsaturated lactone ring is also responsible for absorption of ultraviolet light at a wavelength of 217 mp (21) . Fluorescence results from the action of strong acids on the steroid segment of the molecule and is attributable to dehydration and oxidation products and the formation of accessory ring structures (22) (23) (24) (25) (26) (27) . All these reactions are subject to interference by numerous substances.
Most current information regarding the metabolism of the cardiac glycosides is derived from studies employing bioassay methods (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) or the administration of radioisotopically labeled compounds (42) (43) (44) (45) (46) (47) (48) (49) (50) (51) (52) (53) . Bioassay with the chick or duck embryo heart is sensitive to 0.005 to 2 pug of cardenolide or glycoside, depending on the source of the biologic extract and the degree of purification (28) (29) (30) (31) (32) 41) , and even smaller quantities of glycoside labeled with 14carbon (48) (49) (50) or tritium (51) (52) (53) can be detected. Neither method, however, is intrinsically specific.
Bioassay measures not only the parent compound but also its active metabolites, as well as other cardioactive substances in the sample. Similarly, radioactivity in samples from a subject given a radioisotopically labeled glycoside may represent the original compound, metabolites, or degradation products commonly formed during extraction of submicrogram quantities of steroids. Isolation of the glycoside from its metabolic products by partition with solvents (43) and by paper (39) or column (45) chromatography before bioassay or radioassay has improved specificity, but precision is impaired unless means are incorporated to correct for losses during these procedures. An additional disadvantage of the direct administration of radioisotopic compounds to human subjects is that it can be used only for acute studies.
The double isotope dilution derivative method is one of the most sensitive, precise, and chemically specific methods for measuring steroids in biologic extracts (54) (55) (56) (57) . As little as 0.2 m~ug of aldosterone in peripheral plasma can be determined (56) . The method has proved to be applicable to digitoxin. This paper describes the techniques employed and presents data on digitoxin in the plasma, urine, and stool of patients treated chronically with this glycoside.
Methods
Principle of assay. A quantity of tritium-labeled digitoxin of high specific activity was added to the sample at the beginning of the analysis. Digitoxin was extracted from the sample and converted to digitoxin triacetate-1-1'C, which was isolated and purified. The amount of "4carbon 782 in the pure derivative is related stoichiometrically to digitoxin content. The ratio of tritium added initially to the amount recovered was used to correct for loss of digitoxin during analysis.
Preparation of digitoxin-8H. Five to 10 mg of digitoxin 1 was subjected to exchange with tritium gas 2 (58) . Digitoxin-8H was separated from radiation byproducts by partition between dichloromethane 8 and water and by descending chromatography of the residue from the dichloromethane layer on 18-X 55-cm sheets of Whatman no. 1 paper at 260 C for 8 hours in a solvent system containing benzene, methanol, and water in a volumetric ratio of 4:2: 1. Twenty 1&g of authentic digitoxin was chromatographed on a separate region of each paper. One to two thin strips were cut in the direction of development from each paper and dipped into a freshly prepared mixture of 3 vol 1% m-dinitrobenzene4 and 1 vol 40% benzyltrimethylammonium hydroxide in methanol. Digitoxin was identified by the blue color it developed and by its position relative to the nonradioactive standard. The corresponding peaks of radioactivity on the remaining sheets of paper were located with a strip scanner.5 Digitoxin-'H was eluted from these segments of paper with methanol and submitted to four additional chromatographies in the following solvent systems: cyclohexane, dioxane, methanol, water (4: 4: 2: 1, vol/vol) for 3 days; and cyclohexane, dioxane, methanol, water (4:3:2:1) for 4 days.
Methanol in the eluate from the final chromatogram was evaporated in a water bath at 370 C with an air jet.
The residue was dissolved in 40 ml of dichloromethane and shaken with 2 to 3 ml of water. After aspiration of the water layer containing fragments of filter paper, the dichloromethane was evaporated. Ethanol was added to the digitoxin-8H to make a stock solution, which was stored at -20°C.
Purity of the digitoxin-3H and chemical identity with authentic digitoxin were established by three serial recrystallizations of a mixture of 150 mg digitoxin and 10.3 uc of digitoxin-'H from 1: 2 (vol/vol) ethanolpetroleum ether. A portion of the initial mixture and the crystals and mother liquor from each recrystallization were dried. A quantity of each was weighed and dissolved in ethanol. These solutions were assayed for tritium activity with a liquid scintillation spectrometer6 using a toluene phosphor. 7 The specific activities of all crystals and mother liquor residues deviated from the specific activity of the initial mixture by no more than 3%.
In another demonstration of purity, a mixture of 3 mg digitoxin and 1.8 ,c digitoxin-3H was chromatographed in cyclohexane, dioxane, methanol, and water (4:4:2: 1) for 24 hours, rechromatographed in cyclohexane, dioxane, methanol, and water (4: 3: 2: 1) for 3 days, and then converted to digitoxin-MH triacetate by treatment with acetic anhydride and pyridine. The triacetate was purified by chromatography in systems 1 and 4 ( Figure  1 ). Digitoxin content of the initial mixture, of eluates from each of the first two chromatographies, and of the triacetate derivative was determined spectrophotometrically by a modified alkaline m-dinitrobenzene color reaction; tritium content was measured by liquid scintillation. The specific activity of the initial mixture remained constant within 2.8% through all of these procedures.
Still another proof of the purity of the-tritiated digitoxin was provided by the correspondence of measured to anticipated 1'carbon to tritium ratios in triacetate-1-YC derivatives of various combinations of digitoxin and digitoxin-81H (see below).
These procedures, which involved multiple sequential solution of digitoxin-'H in different solvents, exposure to acetic anhydride at 560 C for several days, and storage for a prolonged period in ethanol, also demonstrated that tritium comprised a chemically stable component of the molecule.
Specific activity of the digitoxin-'H was determined by converting 0.25 to 2.5 jug of the compound to the triacetate derivative with acetic anhydride-1-"C. After the digitoxin-3H triacetate-l-"C was purified by paper chromatography in the four solvent systems used for the double isotope dilution derivative method, its tritium and 1carbon contents were determined. The specific activity of the tritiated digitoxin was calculated from the known specific activity of the acetic anhydride. Determinations using several different lots of acetic anhydride-1-"C yielded values of 0.76 mc per mg for one lot of digitoxin and 0.72 mc per mg for a separately prepared lot. Hydrolysis of the glycoside and measurement of the specific activity of the free genin by converting it to digitoxigenin-'H acetate-1-"C demonstrated that only 33% of the tritium in the digitoxin was associated with the genin.
Specific activity of acetic anhydride-1-"C was determined by using it to acetylate cortisol and subsequently measuring the "carbon and cortisol content of the resultant cortisol acetate-"C (54).
Alkaline m-dinitrobenzene color reaction. The following modification of existing methods (2-5) for performing this reaction was employed. The solution to be assayed was dried in a test tube. One-tenth ml of 1% m-dinitrobenzene in redistilled ethanol (54) Yields of digitoxin triacetate greater than 80%, however, were obtained by treating digitoxin with pure acetic anhydride (molar ratio 1:100) and pyridine (1/1.5, vol/ vol) at 560 C for 4 days in sealed tubes. With acetic anhydride-1-"C, which because of its volatility and expense is handled as a 20% solution in anhydrous benzene, the molar ratio of acetic anhydride to digitoxin had to be increased to 300: 1 to achieve 90% yields of digitoxin triacetate under otherwise similar conditions.
That the compound formed in this reaction is digitoxin triacetate was established in several ways. One mg of digitoxin was acetylated with acetic anhydride-1-"C. The triacetate was freed of impurities by paper chromatography ( Figure 1 ). In the final eluate, digitoxin was determined by the alkaline m-dinitrobenzene reaction, and acetate by measuring "carbon content. The molar ratio of acetate to digitoxin was 2.95: 1.
Mixtures of digitoxin and digitoxin-'H in varying proportions were acetylated with acetic anhydride-1-"C. The "carbon to tritium ratios in the derivatives indicated a 3: 1 molar ratio of acetate to digitoxin.
Digitoxin Assay of digitoxin in plasma or urine. A quantity of digitoxin-3H in ethanol approximately equivalent to 100,-000 dpm was pipetted into a glass-stoppered cylinder. An identical amount was pipetted into each of three counting vials, dried, and put aside. The measured sample of plasma or urine was added to the cylinder and mixed thoroughly with the digitoxin-H. Digitoxin was extracted by shaking the sample with 10 vol dichloromethane. The upper aqueous layer was removed by aspiration. The lipid content of the extract was reduced by shaking with -I-vol 0.1 N NaOH. The water layer was removed, and residual alkali was neutralized by shaking the extract with 1lA vol 0.1 M acetic acid, which was subsequently aspirated. The extract was transferred to a beaker; a few milliliters of ethanol was added, and the dichloromethane was evaporated by air stream from a fan. The residue was dissolved in 3 to 4 ml ethanol and transferred with two washes of dichloromethane to a 30-ml glass-stoppered centrifuge tube. After the solvents were evaporated by air jet at 370 C, the contents of the tube were dissolved in 0.5 ml ethanol, and 2 ml water was added to produce a 20% solution of ethanol. The solution was shaken with 10 ml cyclohexane to remove remaining lipids and nonpolar substances. After the cyclohexane layer was discarded, the compounds in the ethanolic solution were extracted with 25 ml dichloromethane, and the aqueous layer was removed. Thirty ug A'-cortisone was added to the extract, and the dichloromethane was evaporated.
The residue was applied with a mixture of methanol and dichloromethane to Whatman no. 1 filter paper along a thin line 2 cm long and chromatographed in the cyclohexane, dioxane, methanol, water (4: 4: 2: 1) system for 24 hours. After the chromatogram was developed, Acortisone was identified by its absorption of ultraviolet light at a wavelength of 254 mu. Digitoxin was located by its mobility relative to the marker, and by the peak of radioactivity in scans of the chromatogram. In this system, digitoxin migrates 16 cm and A'-cortisone, 20 cm, in 24 hours.
The section of paper containing digitoxin was cut out, and the steroid eluted in a test tube with methanol, which subsequently was evaporated. The residue was transferred with dichloromethane to a 3-ml glass-stoppered centrifuge tube. The dichloromethane was evaporated, and the residue dried in a vacuum oven at 370 C for a half-hour.
Acetic anhydride-l-"C, 0.02 ml (20% vol/vol in benzene) 2 with a specific activity of 10 mc per mmole and 0.03 ml of anhydrous pyridine8 were added to the tube. To insure a tight seal, the stopper was sprayed with Fluoroglide,9 inserted while still moist, and held in place by a ball-socket clamp. After the tube was rotated to dissolve all the residue, it was maintained at 560 C for 4 days.
The acetylation was terminated with 0.5 ml 50% ethanol. To eliminate some nonpolar "C-labeled compounds, the ethanol was shaken with 2 ml isooctane, which was discarded. Digitoxin triacetate was extracted from the ethanol solution with 3 ml carbon tetrachloride. The aqueous layer was aspirated, and the carbon tetrachloride was washed with 0.5 ml water. After 30 jg aldosterone diacetate was added, the carbon tetrachloride was evaporated.
The residue was chromatographed on paper in solvent system 1 ( Figure 1 ). Digitoxin triacetate-"C was identified, and to separate it from other "C-labeled compounds, it was chromatographed on paper in the three additional solvent systems detailed in Figure 1 . Digitoxin triacetate was located in each chromatogram by radioscan and by its position relative to aldosterone diacetate and dye markers ( Figure 1 ). Standard digitoxin triacetate-"C chromatographed in parallel with the sample served as a check on this relationship and assisted in defining the dimensions of the spot to be eluted. (C/T) d= ratio of "C to 8H counts per minute for triacetate-"C of added digitoxin-3H; S. = specific activity of acetic anhydride-1-"C in counts per minute per millimicromole acetate; and M = molecular weight of digitoxin. Assay of stool. Stools homogenized with water were analyzed by the method used for plasma and urine with certain modifications. The dichloromethane extract of homogenate was subjected to two successive washings with 0.1 N NaOH, followed by two washings with 0.1 M acetic acid. The dried extract was partitioned between 3 ml of 25% ethanol and 10 ml of cyclohexane; the cyclohexane layer was replaced once or twice until it lacked color. The dichloromethane used to extract digitoxin from the aqueous ethanol was washed two to three times with 2 ml water until the water was clear. After the residue in the dichloromethane was chromatographed in the cyclohexane, dioxane, methanol, water (4: 4: 2: 1) system, digitoxin was eluted and chromatographed again in the benzene, methanol, water (4: 2: 1) system before acetylation.
Assay of whole blood. The blood sample was diluted with an equal volume of water to hemolyze the red cells and analyzed by the method used for plasma, with one modification. The initial dichloromethane extract was washed twice with 0.1 N NaOH and twice with 0.1 M acetic acid.
Specificity, precision, and accuracy of method. Complete separation of digitoxin triacetate-1-"C from other contaminating "C-labeled compounds is essential for specificity of the method. Several observations indicate that this was accomplished by the procedures employed.
In determinations of the specific activity of tritiated digitoxin, the "C to`H ratio usually attained its lowest value within three chromatographies after acetylation and always after the fourth chromatography. No additional change in the ratio occurred when the compound was recovered from phosphor solution and was either rechromatographed on paper or reacetylated with nonradioactive acetic anhydride and then chromatographed as the resultant tetraacetate.
A mixture of digitoxin and digitoxin-3H was acetylated with acetic anhydride-1-"C and then chromatographed in six different solvent systems. Eluates of the triacetate after the third to sixth chromatographies showed the following "C to 8H ratios: 0.067, 0.069, 0.068, and 0.068. Similarly, an additional chromatography after the routine four did not alter the "C to 'H ratio of digitoxin triacetate formed during analysis of plasma, urine, or stool.
Three 50-ml samples of plasma obtained from normal subjects not taking digitoxin were assayed. Values of digitoxin equivalent in these "blank" samples were 0.0042, 0.0045, and 0.0047 ,ug. The value for 100 ml urine from a normal subject not taking the drug was 0.0002 lug. The blank value for 50 ml of whole blood was 0.0008 lig.
Blank values for three stool samples were 0.01, 0.01, and 0.05 Atg per 100 g.
Mixtures of 0.03 ml acetic anhydride-1-"C (SA, 10 mc per mmole) and 0.04 ml pyridine were incubated, extracted, and chromatographed as in the case of digitoxincontaining samples. After each chromatography, the area of paper corresponding to the position of digitoxin triacetate was eluted. After the fourth chromatography, the eluate of this segment of paper contained only 0 to 2 cpm of "C.
Separation of digitoxin from digoxin, digoxigenin didigitoxoside, digoxigenin monodigitoxoside, digoxigenin, digitoxigenin di-digitoxoside, digitoxigenin monodigitoxoside, and digitoxigenin, compounds that have been proposed to result from the metabolic degradation of digitoxin in man (41, 42, (60) (61) (62) (63) (64) , was accomplished by preacetylation chromatography. Thus, in the cyclohexane, dioxane, methanol, water (4: 4: 2: 1) system, digitoxin migrated 16 cm from the origin in 24 hours, whereas digoxin, digoxigenin, and compounds of intermediate polarity, the di-and monodigitoxosides of digoxigenin, were arrayed between 2 and 6 cm. Digitoxigenin migrated 42 cm; its di-and monodigitoxosides traveled 24 and 36 cm, respectively. In benzene, methanol, water (4: 2: 1), the following distances in centimeters were traversed in 8 hours: digoxin, 2; digoxigenin, 4; digitoxin, 36; and digitoxigenin, 47 In each analytic run, 200,000 dpm of digitoxin-3H was acetylated to determine the ratio (C/T) din the above equation. For each lot of acetic anhydride, the values agreed within 2%. Values for specific activity of the digitoxin-3H calculated from ratios observed with different lots of acetic anhydride also agreed within 2%.
Subjects. Patients studied were 19 to 72 years old and hospitalized. They had cardiac failure or atrial fibrillation secondary to valvular, myocardial, or coronary arterial disease, and they had been taking 0.05 to 0.4 mg digitoxin daily by mouth for periods of 10 days to 12 years. In each patient, treatment had been initiated with 1.2 mg of the glycoside in two to three divided doses during a period of 1 to 3 days. Except for three patients with impaired renal function, all subjects were free of liver and renal disease. Also studied were patients with atrial arrhythmias and rapid ventricular rates who were treated with large amounts of the drug during short periods of time and developed toxic manifestations. Venous blood was collected in heparinized syringes. Usually, 10 to 15 ml plasma was analyzed, although early in the study as much as 50 ml was used. Urine was collected without preservative for three consecutive 24-hour periods. Samples of 100 ml from each period were analyzed. Stools excreted during these 3 consecutive days were combined, weighed, and homogenized in a blender with i to 1 vol water. Two hundred ml homogenate was assayed. All samples were stored in a frozen state before analysis.
Results
Digitoxin in plasma. In two patients, plasma was obtained immediately before the daily dose of 0.1 mg was ingested and at j, 1 to 6, 12, and 24 hours thereafter. The variations in plasma digitoxin concentration in one of the patients are depicted in Figure 2 . In three other subjects, plasma digitoxin concentration was followed for 6 hours after daily doses of 0.1, 0.2, and 0.4 mg. In all Another patient who developed atrial tachycardia with 2: 1 atrioventricular block after 1 month on a daily dose of 0.3 mg (6.9 jug per kg) had a plasma concentration of 2.85 Mzg per 100 ml 5 days after onset of the arrhythmia and discontinuation of the drug.
Persistence of digitoxin in the plasma after cessation of treatment was studied in two patients who had been maintained on 0.1 mg per day. Plasma digitoxin concentration declined exponentially with time. In one patient, the half-time of digitoxin in the plasma was 4.3 days (Figure 5 ). In the other patient, who had slight impairment of renal function with a blood urea nitrogen of 25 mg per 100 ml, the plasma half-time was 6.4 days.
To determine whether the red cells and other formed elements of the blood contribute to the circulating pool of digitoxin, the glycoside was measured in 25 15.8 ,ug) in the urine during a 24-hour period. In nine of the subjects in whom plasma concentration was measured before and twice after the absorption peak, urinary excretion of the compound varied directly (r = 0.88) with its plasma concentration ( Figure 6 ). One subject treated with 0.4 mg per day had a plasma concentration of 5.6 The data from both subjects fall well below the points in Figure 6 . Neither had manifested signs attributable to toxic effects of the glycoside.
The possibility that an additional quantity of digitoxin might be excreted as a conjugate of glucuronic acid was investigated in four patients. One hundred ml urine was incubated at 370 C for 24 hours with 100,000 U bovine hepatic /8-glucuronidase 10 at pH 4.8 maintained by a sodium acetate-acetic acid buffer. A 100-ml portion of urine from the same sample was incubated with buffer as a control. Digitoxin content was determined by the usual method except that the digitoxin-3H used to monitor procedural losses was added to the urine before incubation. The digitoxin content of samples treated with ,B-glucuronidase did not differ significantly from that of the control samples (Table III) Although the analytic blank for stool is relatively high, it could not have accounted for more than 0.1 jug of the above values, since none of the 3-day stool collections exceeded 761 g.
Fecal excretion of digitoxin closely paralleled urinary excretion of the glycoside in magnitude (Table IV) . The total daily output of digitoxin in the urine and feces was 23.9 to 49.1 ug (average, 34 Mug) in patients taking 0.1 mg per day.
Total daily output of the patient on 0.4 mg was 90.8 ,ug. Only 24 Mg of a daily dose of 0.2 mg was excreted by the patient with mild renal disease, and only 4.7 ,ug of a daily dose of 0.1 mg appeared in the urine and stool of the subject with chronic renal failure. Discussion Few observations have been made on digitoxin in the plasma of man. When utilizing bioassay with the duck embryo heart, Friedman and coworkers were able to detect the glycoside in the serum for only 3 hours after it had been administered intravenously to four subjects (33, 34) . Okita and associates administered 0.5 to 1.5 mg 14C-labeled digitoxin intravenously to eight patients with cardiac failure, and during the ensuing 96 hours followed the decline of whole blood concentrations to levels as low as a "trace" to 0.1 MAg per 100 ml (45) . No information exists on digitoxin in the blood of patients taking it by mouth or undergoing long-term treatment, although Friedman, St. George, and Bine reported that they could not detect the glycoside in the sera of such patients or of individuals who had ingested doses as large as 7 mg (34) .
Interest in patients maintained on the drug for a prolonged period was prompted by the consideration that in these patients the rate of dissipation of the drug is probably evenly balanced by the intake of the drug. Under these circumstances, the plasma concentration and rates of excretion were expected to be relatively free of effects related to distribution of the glycoside within the body and to a markedly fluctuating body pool of the compound. Without these complications, analysis of interrelationships among dose, excretion, and plasma levels might be simplified, and the plasma concentration may be regarded less equivocally as an index to tissue concentrations.
The data indicate that patients maintained on digitoxin by mouth have concentrations of digitoxin in their plasma of 1.0 to 5.6 ug per 100 ml. These concentrations remain fairly constant during the course of the day except for an increase of 20 to 30% during the 4 to 6 hours after the daily dose is taken. Although the basic concentration varied widely, even among patients taking the same dose of 0.1 mg in whom levels of 1.0 to 2.4 Mug per 100 ml were observed, it was directly and strongly dependent on the magnitude of the daily dose per unit of body weight. The regression equation derived from the data in Figure 4 reveals that each microgram of the dose per kilogram of body weight is capable of sustaining a plasma concentration of approximately 1 ug per 100 ml.
Since all subjects received 1.2 mg of the glycoside as a priming dose, and since no relationship could be demonstrated between this dose per unit of body weight and the plasma concentration established during long-term treatment, adjustments in plasma and tissue concentrations to levels consonant with daily intake undoubtedly occurred. Serial measurements of the body pool of the compound will be required to define the direction of these adjustments. The paramount role of the daily dose relative to body weight in regulating the concentration of digitoxin in the plasma and, presumably, in other tissues has distinct therapeutic implications.
The toxic manifestations of the cardioactive steroids are influenced by many factors that may modify the relationship between plasma and tissue concentrations of these agents and the development of adverse effects. The relationship may also be obscured by the presence of cardioactive metabolites of the parent compound. The present data, however, suggest that toxic effects of digitoxin may appear when the plasma concentration exceeds 4 ptg per 100 ml, and that they are very likely to occur at concentrations greater than 5 ug per 100 ml. These concentrations are two or more times greater than those commonly present during daily maintenance on 0.1 mg.
The blood reservoir of digitoxin is not large and constitutes a small fraction of the total body pool (46) . At a volume of 3 L, the plasma of patients maintained on 0.1 mg contains 30 to 70 Mug of the glycoside, but with larger doses as much as 170
Mug may be present in the plasma. Since the concentration of digitoxin in blood cells is only 2%o of the plasma value, the quantity carried in the' cells represents a very minor fraction of the blood reservoir. It is very unlikely that complete replacement of the blood, as may occur under numerous circumstances, would seriously affect tissue concentrations or body pool of the glycoside. The loss would be equivalent to approximately half the daily dose.
Relative diurnal constancy of the plasma digitoxin concentration is a reflection of the long halftime of the steroid in the body. The present study tentatively defines the half-time in plasma as 4 to 6 days. Okita and co-workers calculated a whole blood half-time of 2 to 2; days for intravenously administered digitoxin-14C (45). Okita later observed, however, that the half-time for urinary excretion of the 14C-labeled compound was 9 days (49) ; he attributed the disparity between the two values to failure to define the course of the blood concentration for a sufficient period of time. It is also possible that the solvent partition and alumina chromatography methods they used to separate digitoxin from its metabolic products did not succeed in separation of compounds closely related to the parent glycoside. In contrast to digitoxin, the more polar glycoside digoxin has a half-time of 31 hours in the blood (52, 53) (35, 36) for normal human subjects and patients with cardiac failure maintained on the same dose of digitoxin. Since these investigators bioassayed chloroform extracts of urine without preliminary isolation of the authentic glycoside, their measurements included all physiologically active metabolites of the steroid that the extract contained.
Renal clearance of digitoxin was not measured in the present study, but in the ten patients whose excretion and plasma concentrations were measured during the same day, the average renal clearance was equivalent to 0.6 ml of plasma per minute. The small concentration of unbound digitoxin in the plasma partly accounts for this low rate. Also, unless glomerular filtration was markedly curtailed in these subjects, it is probable that the renal tubules reabsorbed significant quantities of the compound. Numerous aspects of the processes controlling excretion of digitoxin by the kidney, including the possibility of renal tubular secretion, remain to be elucidated. (46) found that 9% of an intravenous dose of 0.5 to 1.5 mg of digitoxin-14C appeared in the stool during the subsequent 14 days. On the basis of analyses of digitoxin-'4C in the gallbladder, jejunum, ileum, colon, and the intraluminal contents of these organs, these workers have postulated that digitoxin is secreted into the bile and subsequently is partly reabsorbed in the small intestine ("enterohepatic recycling") and partly eliminated in the stool.
In animals, all major segments of the gastrointestinal tract are capable of absorbing the drug (34, 41) , and the rectal route is an effective mode of administering the compound in man (72) . The present study has demonstrated fairly prompt, but not necessarily complete, absorption of digitoxin. The mechanism whereby some of the digitoxin excreted in the bile and possibly some of the ingested compound escape subsequent absorption is not clear. This problem, as well as the possibilities of intestinal secretion (41, 43, 46) and intraintestinal degradation of the compound, requires clarification.
The data on urinary and fecal excretion indicate that patients maintained on 0.1 mg daily excrete only 24 to 49% of the glycoside in unchanged form. Since excretion via other routes is probably negligible, it appears that the remaining 51 to 76 ug of the compound was chemically altered before it was eliminated. In the two patients with renal disease who had been treated with the drug for months and manifested no evidence of toxicity, 95 and 176 Mrg of the compound appeared to be metabolized daily. Because of the limited concentration of ultrafilterable digitoxin in the plasma, it is doubtful that hemodialysis, which was performed twice a week on one of the patients, removed much of his body store of the steroid. The concentration of digitoxin in his dialysis fluid after his blood was equilibrated in vivo with a bath of small volume was only 0.5 ug per L. The patient on a daily dose of 0.4 mg appeared to metabo-lize 310 MAg per day. This dosage may have been at the upper limit of his capacity to excrete and inactivate the compound, since he manifested toxic reactions to the drug 1 month after he was studied.
Several schemata for the metabolism of digitoxin have been proposed. This investigation has demonstrated that simple conjugation with glucuronic acid and subsequent renal excretion of the polar glucuronoside is not a significant metabolic pathway for digitoxin. There is evidence that conversion of digitoxin to digoxin by 12,8-hydroxylation occurs in man (41, 42, 64) and in the rat (41, 42, 60, 61) . Stepwise hydrolysis of the trisaccharide moiety of either glycoside to the didigitoxoside (60, 64) , monodigitoxoside (60) , and genin (60, 61) has been demonstrated. In the liver, either of the genins may undergo epimerization to the physiologically inactive 3a-hydroxy form, which is then conjugated with glucuronic or sulfuric acid (61, 63) . The quantitative significance of these reactions has not been defined.
We have used the double isotope dilution derivative method to measure digoxin and digitoxigenin; preliminary studies indicate that it can also be modified to assay the other digitoxosides of both genins. These modified methods may aid in elucidating the metabolism of digitoxin in man. Summary A double isotope dilution derivative method was devised for measuring digitoxin in plasma, whole blood, urine, and stool. The method utilizes digitoxin-3H to monitor procedural losses of digitoxin and acetic anhydride-1-14C to convert the compound to digitoxin triacetate-1-14C. It is capable of detecting 0.01 Mug of the glycoside, and has an accuracy of 101 3%o (mean SE) in assaying 0.01 to 0.2 Mug of the compound in plasma. The coefficient of variation of the method is 4%o when 0.2 Mug in 10 ml of plasma is measured.
The plasma of patients with cardiac disease who were treated chronically with fixed daily quantities of digitoxin contained 1.0 to 5.6 ug of digitoxin per 100 ml. The concentration remained constant throughout the day except for an increase that began j to 1 hour after the daily dose was ingested, attained at 1 hour a peak 17 to 30% greater than the initial level, and persisted for 4 and occasionally 6 hours. Plasma concentration varied directly with the size of the daily dose relative to body weight; each microgram taken daily per kilogram of weight sustained a concentration of approximately 1 fg per 100 ml. The concentration of digitoxin in blood cells was only 2%o of that in plasma. After cessation of treatment, the halftime for digitoxin in plasma was 4.3 days in one patient and 6.4 days in another patient with slight impairment of renal function. Patients manifesting toxic effects after large doses of the drug had plasma concentrations of 4.3 to 6.7 ,ug per 100 ml, levels more than twice those in patients taking 0.1 mg daily.
Patients taking 0. 
